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ABSTRACT 
Recent experiments on wide flange steel columns subjected to multi-axial cyclic loading underscore the influence of 
the member end boundary conditions on strength and stiffness deterioration due to coupling of local and lateral 
torsional buckling. Field observations complemented by recent tests indicate a similar sensitivity of response modes 
to the base flexibility. This paper investigates the effect of the column base flexibility on the hysteretic behavior of 
first story steel columns in moment resisting frames (MRFs). This is accomplished through rigorous finite element 
(FE) simulations, validated by full-scale column member and column base tests. Recent studies on embedded steel 
column base connections are used to infer the base flexibilities used in the FE simulations; these are representative of 
those commonly observed in first story interior columns of mid- to high-rise steel MRFs. The FE simulation findings 
indicate that column base flexibility delays the onset of local buckling, and subsequently reduces the axial shortening 
by about 50% compared to the fixed-base case. In contrast, the column base strength itself is insensitive to the column 
base flexibility. 
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1. INTRODUCTION 
 
In recent years, a number of experimental and numerical studies investigated the hysteretic behavior of wide flange 
steel columns in moment resisting frames (MRFs) under multi-axial cyclic loading (Newell and Uang 2008; Elkady 
and Lignos 2015; Suzuki and Lignos 2015; Uang et al. 2015; Fogarty and El-Tawil 2016; Elkady and Lignos 2016; 
Elkady and Lignos 2017; Suzuki and Lignos 2017). These studies underscored the influence of a number of parameters 
on the column stability including (a) the local and global slenderness ratios; (b) the applied axial load; (c) the loading 
history sequence and (d) the member end boundary conditions. In all cases, the column was idealized to have a fixed 
base. This is a common assumption for columns embedded in a concrete footing (AISC 2012). Past experiments on 
embedded column base connections (Washio et al. 1978; Nakashima and Igarashi 1986; Grilli et al. 2017) suggest that 
the column base flexibility is not negligible in cases that the column is assumed to be fixed. This is due to the elastic 
deformation of the concrete subject to bearing stress, the steel base plate and the column embedded into the footing. 
Notably, reconnaissance reports from past earthquakes (Clifton et al. 2011; MacRae et al. 2015) as well as system-
level numerical studies (Lignos et al. 2013) found that the partial fixity may be beneficial for the overall steel column 
seismic performance. Although the influence of the column base flexibility on the steel MRF response has been 
investigated through nonlinear response history analyses (Zareian and Kanvinde 2013), its influence on the column 
member hysteretic response has never been examined. 
 
This paper investigates the effect of the embedded column base connection flexibility on the column hysteretic 
behavior through nonlinear finite element (FE) simulations. A continuum FE model representing the steel column is 
employed for this purpose. This model is validated with recent full-scale steel column tests (Elkady and Lignos 2017). 
The FE model is extended such that the column base flexibility is inferred on the basis of available full-scale tests on 
steel columns embedded in concrete footings (Grilli et al. 2017). The effect of the column base flexibility is highlighted 
by means of comparisons between the theoretically fixed model and the one that captures the column base flexibility.  
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Emphasis is placed on the effect of the column base flexibility on the column axial shortening due to the onset of local 
buckling near the column base. 
 
 
2. FINITE ELEMENT MODEL DEVELOPMENT AND VALIDATION 
 
A continuum FE model is developed to simulate the results from two steel columns that were recently tested at full 
scale (Elkady and Lignos 2016, 2017). Referring to Fig. 2.1, the column base was fixed but its top end was flexible. 
Table 2.1 summarizes the key geometric loading features of the employed test specimens. Lb/ry (Lb and ry are the 
unbraced length and the radius of gyration with respect to the weak-axis of the cross-section, respectively). Both 
specimens were subjected to a symmetric cyclic loading history about the strong axis coupled with a constant 
compressive axial load ratio, P/Py (P is the applied axial load; Py = fyA; fy is the expected yield stress; A is the column 
cross-section area). The FE model is developed in the commercial finite element analysis software ABAQUS (version 
6.14-1) (ABAQUS 2014). A schematic view of the developed FE model is shown in Fig. 2.2. A more detailed 
discussion regarding the FE modeling approach is presented in Inamasu et al. (2017).  
 
Figures 2.3 to 2.5 illustrate comparisons of the column base moment (Mbase) – chord rotation () relations; the axial 
(vertical) displacement at the column top (v); and the deformed shapes obtained from the FE simulations and the test 
results. The second order moment demand has been subtracted in all cases. The chord rotation, , is defined as the 
horizontal displacement at the column top end divided by the actual column height, L after subtracting the 
corresponding column axial shortening, if any. All the definitions are shown in Fig. 2.1. The comparisons suggest that 
the developed FE model simulates relatively well the moment – chord rotation relation as well as the deformed shape 
and corresponding axial shortening throughout the entire loading history regardless of the employed cross-section. 
 
Table 2.1 Selected column specimens for FE simulation and validation (Elkady and Lignos 2017) 
Specimen 
ID 
Cross 
-section 
Slenderness 
ratio, Lb/ry *1 
Axial load  
ratio, P/Py 
Boundary conditions 
(Top-Bottom) 
EI/L*2 
(105 kNm/rad) 
C3 W24x146 51 20% Flexible - Fixed 0.923 
C7 W24x84 79 20% Flexible - Fixed 0.488 
*1Lb/ry: member slenderness (Lb unbraced length; ry radius of gyration about weak-axis of the cross-section) 
*2E: Young’s modulus of steel material, and I: the second moment of inertia about the cross-section’s strong axis  
 
 
 
Figure 2.1 Schematic representation of member end boundary conditions 
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Figure 2.2 Finite element model representation of a first story embedded column base 
 
(a) C3 (b) C7 
 
Figure 2.3 Base moment, Mbase – chord rotation,  relation obtained from tests and FE simulations (test data from 
Elkady and Lignos 2017) 
 
(a) C3 (b) C7 
 
Figure 2.4 Axial displacement at the top – chord rotation,  relation obtained from tests and FE simulations (test 
data from Elkady and Lignos 2017) 
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(a) C3 
 
(b) C7 
 
Figure 2.5 Deformed shape at 1st 4% chord rotation obtained from tests and FE simulations (images from Elkady 
and Lignos 2017) 
 
3. COLUMN BASE FLEXIBILITY 
 
Grilli et al. (2017) investigated the seismic performance of embedded column base connections subjected to 
compressive axial load and lateral drift demands. Columns were tested in a cantilever fashion. They were designed to 
remain elastic such that the observed failures were concentrated at the column base connection. Table 3.1 summarizes 
the main test parameters including the embedment depth, dembed, and the applied compressive axial load. The same 
table summarizes the measured maximum flexural strength, Mmax and rotational stiffness, b of the embedded column 
base connection after subtracting the elastic contribution of the respective column. Figure 3.1 illustrates the hysteretic 
response of a typical embedded column base connection. Figure 3.1 suggests that an embedded column base connection 
has an appreciable column base flexibility. The reported b values in Table 3.1 correspond to about 0.4 - 0.8% rotation 
under the design base moment. Notably, regardless of the column base flexibility, the specimens exhibited a 
considerable plastic deformation capacity without any strength loss. 
 
Referring to Figure 3.1, the deduced b values of specimens #4 and #2 are used as the equivalent rotational stiffness of 
column specimens C3 and C7 in Table 2.1, respectively. These combinations are similar to those in practice 
considering that the column base connection is strong enough to transmit the column force demands. To simulate 
numerically the column base flexibility an elastic rotational spring is inserted at the column base of the FE model. The 
column base is assumed to have sufficient flexural strength to accommodate the column force demands without 
exhibiting inelastic behavior. It is noted that the embedded column base stiffness relative to the flexural stiffness of 
the column, b / (EI/L) is 3.66 and 7.87 for C3 and C7, respectively. 
 
Table 3.1 Summary of embedded column base connection test data (Grilli et al. 2017) 
Specimen ID 
Column  
cross-section 
Column 
length (m) 
P 
(kN) 
dembed 
(mm) 
Mmax 
(kNm) 
b
(105kNm/rad) 
#1 W14x370 2.84 445 508 2613 3.23 
#2 W18x311 2.84 445 508 2324 3.84 
#3 W14x370 3.10 0 762 3741 3.07 
#4 W14x370 3.10 445 762 4124 3.38 
#5 W14x370 3.10 -667* 762 3800 3.25 
* minus sign indicates tensile force 
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Figure 3.1 Deformed shape and representative hysteretic response of embedded column base connections (test 
data from Grilli et al. 2017) 
 
 
4. EFFECT OF COLUMN BASE FLEXIBILITY ON COLUMN HYSTERETIC RESPONSE 
 
Table 4.1 summarizes the examined cases through FE simulations. The b value only varies compared to the base cases. 
Referring to the same table, ‘Fixed’ is noted the theoretical fixed end column; while ‘Real’ refers to the b value 
estimated from the full-scale embedded column base tests. Therefore, the influence of the b value on the column cyclic 
behavior can be assessed by means of comparisons of ‘C3-Fixed’ with ‘C3-Real’, and ‘C7-Fixed’ with ‘C7-Real’. 
 
Shown in Fig. 4.1 is the base moment, Mbase, – chord rotation, , relation for each one of the examined cases. Due to 
the embedded column base elastic contribution, in the “Real’ cases the yield rotation angle and the rotation angle 
corresponding to the capping moment are larger than the equivalent “Fixed” cases. Notably, the attained capping 
moment is almost the same regardless of the column base flexibility. The column flexural strength degrades due to the 
formation of local buckling. The rate of cyclic degradation in flexural strength is practically not influenced by the 
column base flexibility; therefore, the column’s flexural strength at a certain chord rotation after capping moment is 
slightly higher in the ‘Real’ case. This rate is strongly dependent on the cumulative plastic strain. Figure 4.2 shows the 
column top end moment, Mtop, – chord rotation, , relations for the analyzed cases. From this figure, the column top 
end behavior is practically not influenced by the column base flexibility. 
 
Table 4.1 All the examined cases in FE simulations 
Model ID Column cross-section EI/L (105 kNm/rad) b(105 kNm/rad) bEI/L
C3-Fixed W24x146 0.923 ∞ ∞ 
C3-Real W24x146 0.923 3.38 3.66 
C7-Fixed W24x84 0.488 ∞ ∞ 
C7-Real W24x84 0.488 3.84 7.87 
*minus sign indicates tension 
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(a) C3 (b) C7 
 
Figure 4.1 Effect of the column base flexibility in the base moment, Mbase – chord rotation,  relation 
 
(a) C3 (b) C7 
 
Figure 4.2 Effect of the column base flexibility in the top moment, Mbase – chord rotation,  relation 
 
Fig. 4.3 shows the column axial shortening – chord rotation, , relation for the analyzed cases. The axial shortening is 
defined as the axial displacement at the column top. From this figure, it is evident that the column axial shortening at 
4% drift is about 50% and 30% smaller than expected for C3 and C7 columns, respectively, when the column base 
flexibility is considered. Similarly, Fig. 4.4 shows the deformed shape at a drift ratio of 2% for the same cases with 
and without the column base flexibility. Elkady and Lignos (2015) found that the column axial shortening is associated 
with the cumulative plastic deformation of a column. The observed column axial shortening reduction in a ‘Real’ case 
is achieved because the cumulative plastic deformation at the certain rotation decreases due to the column base 
flexibility. This suggests that the current design assumption of a “fixed” column base may overestimate the column 
axial shortening.  
 
(a) C3 (b) C7 
 
Figure 4.3 Effect of the column base flexibility in the top moment, Mtop – chord rotation,  relation 
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(a) C3 (b) C7 
 
Figure 4.4 Effect of the column base flexibility in the local buckling deformed shape at 1st 2% chord rotation 
(contour indicates the cumulative plastic strain distribution) 
 
 
5. CONCLUSIONS 
 
This paper investigated the effect of the column base flexibility on the hysteretic behavior of first story interior wide 
flange steel columns in moment-resisting frames (MRFs). This was achieved through nonlinear finite element (FE) 
simulations that were validated based on data from full-scale column and embedded column base tests. Although the 
FE findings are still preliminary, the following observations can be made for the cases examined, 
 
1. The yield rotation angle and the rotation angle corresponding to the capping moment of an embedded column 
base are larger than those expected in theoretically fixed column bases. This is mainly due to the reduction of 
the initial stiffness provided by the column base flexibility.  
2. The attained capping moment as well as the rate of cyclic deterioration in column strength does not seem to 
be sensitive to the column base flexibility. 
3. A fixed-base assumption seems to overestimate the column axial shortening by more than 50% at 4% lateral 
drift demands. 
4. The column top end behavior does not seem to be influenced by the associated column base flexibility for the 
analyzed cases. 
 
The authors are currently investigating the effect of column base flexibility on the column hysteretic behavior through 
a parametric study. A testing program has also been scheduled for this same purpose. 
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